3
in the country, and they have constantly increased since the late 1990s (Department of Fishery 2014) . This trend has been pronounced from 2003 through the most recent capture statistics in 2012, in which annual 10% increases are guaranteed and have resulted in a total increase of 121.4% (from 1.05 million in 2003 to 2.33 million in 2012) (Food and Agriculture Organization of the United Nations 2015a). This "astonishing decadal increase", which is stated in this manner in the FAO report, is extraordinary and absolutely a top record among the 18 major fishery countries. With growing demands for marine products around the world, pressure on the capture fisheries will be increasing in Myanmar in the future, although there have been concerns that signs of overfishing are already visible (Department of Fisheries 2004) .
The Myanmar coastline stretches for approximately 3000 km and faces the Bay of Bengal to the west and the Andaman Sea to the south. The coastal areas are characterized by wide and numerous rivers that form large and small deltas and estuaries. Myanmar is also ranked as the third largest mangrove expanse in Southeast Asia (Giesen et al. 2006) , which possesses 494,584 ha of mangrove forests (3.6% of the global mangrove coverage) near the coastal area (Giri et al. 2011 ). The coastline is composed of three distinct parts: the Rakhine coastal area in the west, the Ayeyarwady Delta in the middle, and the Tanintharyi coastal area to the south. Among them, the Tanintharyi coastal area is the longest, stretching 1200 km, and it is the most important region in terms of marine fisheries because it has the highest catch in Myanmar (Southeast Asian Fisheries Development Center 2006). The offshore area is composed of the Mergui Archipelago, which consists of nearly 800 offshore islands, and it has been reported to have the richest fish diversity and the highest biomass of fish larvae in the Bay of Bengal (Lirdwitayaprasit et al. 2008) .
While the Tanintharyi coastal region hosts rich marine resources, no coastal marine productivity studies have been performed, so the mechanisms underlying such high productivity are essentially unknown. Occurrence reports and lists of the primary producers, namely phytoplankton, are limited to five publications (Kamba and Yuki 1980; Boonyapiwat et al. 2007 Boonyapiwat et al. , 2008 Su-Myat et al. 2012; Su-Myat and Koike 2013) .
The objective of this study was to investigate for the first time the seasonal primary productivity along the Myanmar coastline near Myeik City in the Tanintharyi coastal area, with an emphasis on the unique monsoon climates and the characteristic coastal environments such as the large natural rivers and extensive mangrove forests and associated channels. The structures of the phytoplankton communities were also examined with the objective of elucidating the mechanisms underlying their high coastal productivity and identifying the environmental factors that contribute to their blooms. Because of the remarkable limitations on the sampling procedures in this remote area, instead of using conventional bottle incubation methodology and carbon isotopes, we estimated primary production with a pulse amplitude modulation (PAM) fluorometer (Water-PAM, Heinz Walz, Effeltrich, Germany), which enabled us to estimate the electron transport rate (ETR) of photosystem II (P680), which is a product of photosynthesis and related to the oxygen evolution rate (Flameling and Kromkamp 1998; Gilbert et al. 2000) . This methodology using a PAM fluorometer is rapid, simple, and applicable for intensive measurements even in a remote area like Myanmar. This approach has become widely used and has been applied to the estimation of phytoplankton production in some areas (Goto et al. 2008; Napoléon and Claquin 2012) . By combining this new methodology with other conventional oceanographic surveys, including microscopic counting for phytoplankton occurrence, we now understand the mechanisms driving coastal production in this area, which is largely influenced by seasonal climate and the resulting river inflows and is reported here for the first time. Figure 1 shows a map of Kadan Island located off the coast of Myeik City, Tanintharyi Division, the Union of the Republic of Myanmar. The east side of Kadan Island forms numerous channels with many small islands and faces several large rivers that inflow from the mainland while the west side of Kadan Island faces the open ocean. We set a total of 13 stations, which consisted of four stations (R1-R4) facing the rivers from the mainland, five stations (C1-C5) in the channels, and four stations (O1-O4) facing the open ocean. All of these stations covered the characteristic environments of Kadan Island. Among R1-R4, both R3 and R4 are heavily influenced by the discharging water from the largest river in Myeik City, the Tanintharyi River.
Materials and methods

Sampling site
Sampling period
Generally, the coasts of Myanmar as well as our sampling sites are influenced by two distinct monsoon climates, the southwest monsoon (rainy season) and the northeast monsoon (dry season). The rainy season is from May to October, when the moisture-rich southwest monsoon wind from the Indian Ocean prevails. During the dry season (November to April), a dry northeasterly trade wind prevails from the continental side to the coastal area. Based on these distinctive seasonal conditions, field surveys were conducted on December 10-11, 2014 (onset of the dry season), March 29-30, 2015 (end of the dry season), and on September 17, 2015 (the rainy season). In the December and March surveys, all 13 stations were visited over two consecutive days, whereas only five stations on the east side of Kadan Island were visited in the September survey because of the rough weather in the rainy season.
Field sampling
At each station, vertical profiles of water temperature, salinity, in vivo chlorophyll a fluorescence, and upward photosynthetically active radiation (PAR) were measured by sensors installed in a CTD (DS5, Hydrolab, Colorado, USA) for 0.5-m depth intervals. The PAR data were plotted against the water depth (z), and a diffuse attenuation coefficient (k) was determined using the following equation: PAR (z) = surface PAR × e −k×z . Water samples from 1, 3, and 6 m depths were collected with a Van Dorn water sampler and subjected to chemical analyses [i.e., inorganic nutrients and dissolved organic carbon (DOC)] or biological analyses (i.e., chlorophyll a, phytoplankton, and bacteria occurrence, and primary productivity). During the cruises, surface water temperature and salinity were continuously monitored by a data logger (ACTD-CMP, JFE Advantech, Tokyo, Japan) immersed in a container that was continuously flowing with pump-up water from the ship's bottom (ca. 0.5 m depth).
During each cruise, daily light intensity (PAR) was measured with a cosine light sensor Nebraska, USA) attached to the ship's roof and continuously logged by a data logger (Li-1400, Li-COR). The weather conditions on the different sampling days were sunny (December 2014), sunny (March 2015) , and heavy rain (September 2015) . Because these weather conditions were typical of each season and because of the lack of a reliable meteorological data source for this region, the aforementioned measured PAR data were used to estimate the primary productivity of the water columns for which the PAR intensity of the ocean surface was needed (for the calculation methodology, see the last section of the "Materials and methods").
Water quality analyses
For inorganic nutrient analysis, ca. 15 mL of a vertically collected sample water was filtered through a syringe filter with 0.45-µm pore size (25AS045AN, Advantec, Tokyo, Japan) on the boat deck and frozen until analysis. Dissolved inorganic nitrogen (DIN; NO 3 + NO 2 + NH 4 -N), PO 4 -P, and SiO 2 -Si were analyzed using a nutrient autoanalyzer (SWAAT, BLTEC, Tokyo, Japan) in the laboratory.
For dissolved organic carbon (DOC) analysis, ca. 20 mL of the sample water was filtered through a pre-combusted (450 °C for 4 h) 0.7-µm mesh size glass microfiber filter (1825-025, Whatman International, Maidstone, UK) on the boat deck and put into a pre-combusted glass bottle. This filtered sample was kept in a freezer until analysis. The DOC concentration was measured with a total organic carbon analyzer (TOC-V CSH , Shimadzu, Kyoto, Japan) using the non-purgeable organic carbon (NPOC) method. The sample water was initially acidified by adding 2 M HCl (1.5% of v/v of the sample water) and purged with bubbling dry air (N 2 :O 2 = 4:1) for 90 min before being introduced into the combustion chamber of the TOC analyzer. Standard solutions for calibration were made with potassium biphthalate in the concentration range of 0-10 mg L −1 . Each sample was measured five times; the values were averaged.
Microscopic observations of plankton
For phytoplankton occurrence, 500 mL of the seawater collected from each depth was sieved with a 10-µm mesh, and the particles remaining on the mesh were concentrated into 9 mL and then fixed with glutaraldehyde for a final concentration of 2.5% in 10 mL. The phytoplankton were identified and counted under a light microscope using a Sedgwick-Rafter chamber containing 1 mL of the concentrated sample, so the minimum detectable density was 20 cells L −1
. To understand how the phytoplankton occurrence varied with station environments, the average cell densities at all depths were calculated for each species and station, and clustering was performed for each station using PRIMER-6 (demo version, PRIMER-E, New Zealand) for the December and March surveys according to Pednekar et al. (2012) .
In addition to phytoplankton occurrence, planktonic bacteria were enumerated by filtering ca. 6 mL of each water sample through a 5.0-µm-pore-size membrane filter (A500A025A, Advantec, Tokyo, Japan) held in a syringe cartridge to remove any particles larger than the bacteria, and the filtrate was fixed with glutaraldehyde to a final concentration of 2.5%. In the laboratory, bacterial cells were stained with a solution of 4′,6-diamidino-2-phenylindole (DAPI) to a final concentration of 1 µM for 1 h at room temperature, and then gently vacuumed onto a polycarbonate filter (0.2 µm pore size, A500A025A, Advantec). Then, the filter was transferred to a glass slide and immersed in non-fluorescence immersion oil (110101, Olympus, Tokyo, Japan) with a cover slip. This filter was then observed under a fluorescence microscope (BX51, Olympus) with UV light excitation using a 60× objective lens. Multiple fluorescence images were captured by a cooled CCD camera (CoolSNAP-ES, Photometrics, Arizona, USA). At least five image fields were taken, and the DAPI-stained particles in the images were counted as bacteria. They were calculated on the basis of the image field area (0.0168 mm 2 ) and the filtration area (12.57 mm 2 ) to give cell density per milliliter of original seawater.
Chlorophyll a measurement
In addition to the phytoplankton enumeration by counting, in situ chlorophyll a data taken from the chlorophyll a sensor (Cyclops-7, Turner Designs, CA, USA) installed on the CTD were used to determine the phytoplankton biomass. To calibrate the sensor, 100 mL of 1-m-depth water at each station was filtered through a glass microfiber filter (1825-025, Whatman International) using a hand vacuum pump and the filter were then soaked in 6 mL of N,Ndimethylformamide to extract the phytoplankton pigment, chlorophyll a (Suzuki and Ishimaru 1990) . The chlorophyll a concentrations were determined fluorometrically according to Holm-Hansen et al. (1965) via a fluorometer (10 AU, Turner Designs). The obtained chlorophyll a data series were plotted against values from the in situ sensor, which gave a significant linear relationship [R 2 = 0.643, chlorophyll a concentration (µg L −1 ) = 1.050 × sensor value, p < 0.0001], indicating that the sensor value can be used as a proxy for the actual chlorophyll a concentration.
Estimating primary productivity: determining the electron transport rate (ETR)
Although bottle incubation methods employing 14 C or 13 C carbon assimilation (Tada et al. 1998) or oxygen evolution (Furio and Borja 2000) in phytoplankton communities have commonly been used to determine primary productivity, these methods were not feasible at our sampling site, where the availability of experimental items or chemicals was very limited. Instead, we used a PAM fluorometer which can provide an instantaneous estimation of the ETR (µmol electron m −2 s −1
) in the PSII in plants at various levels of photon flux density (PFD).
Vertically collected water containing phytoplankton was transferred to a dark plastic bottle on the boat deck. After 10-15 min of dark adaptation to relax the PSII and to maximize oxidation of electron transporters, the water was subjected to a cuvette-type PAM fluorometer (Water-PAM, Heinz Walz). We applied 1.2 mL of the sample water to the cuvette, which has a much smaller volume than the cuvette size, to prevent motile phytoplankton cells from escaping the LED illumination at the cuvette bottom; such concerns were similarly addressed by Cosgrove and Borowitzka (2006) . The sensitivity of the photomultiplier was set to yield Ft = 200-400 by adjusting the PAM electric gain to the following settings: measuring light intensity = 8, measuring light frequency = 3, and distilled water was used as the fluorescence blank. Using the rapid light curve (RLC) function, we then illuminated the water sample with actinic light at eight increasing intensities (158, 241, 356, 553, 825, 1179, 1648 , and 2743 μmol photons m −2 s −1 ) for 30 s each, and the minimum (F) and maximum fluorescence (Fm′) values were obtained to determine the effective quantum yield ΦII = (Fm′ − F)/Fm′ (Genty et al. 1989) . The Fm′ value was obtained with the following settings: saturation pulse intensity = 10 and saturation pulse width = 8. Because ΦII is the ratio of electrons transported through PSII, the relative ETR (rETR) was determined by the following equation:
where L is the PFD (µmol photon m −2 s −1 ) of actinic light. Because less than 100% of the actinic light photons reach the photosystem, rETR must be multiplied by the ratio of photons allocated to PSII and the chlorophyll a-specific absorption coefficient of phytoplankton. Therefore, the actual ETR is where the value of 0.768 is the ratio of absorbed photon allocated to PSII. During our surveys, diatoms were the most dominant phytoplankton and their average absorption
value of 0.768 was used according to Johnsen and Sakshaug (2007) . The term a* is the so-called chlorophyllspecific absorption cross section (m 2 mg chl. a −1 ) which was determined with filter-pad technique according to Goto et al. (2008) and Napoléon and Claquin (2012) . The resulting ETR values as a function of the actinic light intensities (ETR versus L) were fitted using the mathematical model given by Platt et al. (1980) where α is the slope of the curve, and ETR max is the maximum ETR value of the curve. This model allowed the ETR values to be determined by inputting light (PFD). Similarly, rETR values as a function of the actinic light intensities (rETR versus L) were also fitted to the same model, to obtain rETR max and α values.
Estimating primary productivity: calculation of the ETR-based primary productivity of the water column
As described above, we determined ETR models for 1, 3, and 6 m depths at every station. Inputting light PFD penetrating into the water column of each station allowed us to obtain the ETR values, which were subsequently converted to oxygen evolution. To determine the PFD in the water columns, the surface water PFD was needed, so the on-ship logged PAR data (described in the section above) were used. For the December and March surveys, the mean values of the PAR data logged from the first and second days were used, and from these, the air PFD of the PAR was determined for every hour from sunrise to sunset. For each station, the diffuse attenuation coefficient (k) of the PFD of the water column was calculated from the vertical PFD measured by the CTD and it was used with the air PFD data to calculate the PFD at every 0.5 m of depth for every hour from sunrise to sunset.
These vertically and hourly determined PFD data for the water column were applied to the ETR models that were obtained at depths of 1, 3, and 6 m. The model for 1 m was used for every 0.5 m of depth between 0 and 2.5 m; the model for 3 m was used for depths ranging from 3 to 5.5 m; and the model for 6 m was used for 6 m until the euphotic layer depth (for determining the euphotic layer depth, see below). The ETR value of each water depth was converted to an oxygen evolution rate under the general assumption that 4 mol e − = 1 mol O 2 (Gilbert et al. 2000 ) and the resulting O 2 value (mol O 2 mg chl. a −1 s −1 ) was converted to hourly production. This estimated O 2 is a product of PSII and regarded as gross oxygen production per hour (Pg). These 0.5-m-interval Pg values, which were obtained
from sunrise to sunset, were summed and treated as the daily Pg for each 0.5-m depth interval. The respiration rate (R) of the phytoplankton population was needed to determine the net production rate, which is more useful for discussing productivity, and was calculated on the basis of the assumption derived from the data set of Iriarte et al. (1991) :
The value of R was determined for every 0.5-m depth interval on the basis of the chlorophyll a data from the CTD over 24 h and subtracted from the daily Pg value to determine the daily net O 2 evolution rate (Pn; µmol O 2 mg chl. a
). The depth of the euphotic layer was calculated by assuming the depth giving daily Pn values of 0. From the sea surface to the euphotic layer depth, 0.5-m-interval daily Pn values were calculated. These daily Pn values (µmol O 2 mg chl. a
) from each 0.5-m depth interval were then converted to the daily production rate of a water column with a size of 1 m × 1 m × euphotic layer depth (m) (µmol O 2 m −2 day
−1
). These production rate units were converted to weight of O 2 (mg O 2 m −2 day
) by multiplying them by the molecular O 2 weight (32). The resulting values were then converted to carbon weight using a carbon assimilation factor (photosynthesis quotient, 1.3) (Platt et al. 1987) . We should note that such determined production rates, based on the ETR measurement, are probably overestimated, as mentioned by Goto et al. (2008) and Napoléon and Claquin (2012) unless comparing with 14 C or 13 C incorporations, and thus treated as a relative value in this study. Figure 2 shows the surface temperatures (a-c) and salinities (d-f) collected by a data logger immersed in water pumped from the ship's bottom. Over the three seasons, the surface water temperature ranged from 26.79 to 33.27 °C. The lowest temperature was recorded in the rainy season (September 2015; Fig. 2c ), and the highest was recorded at the end of dry season (March 2015; Fig. 2b ). The surface salinity exhibited larger variations than the temperature; the lowest salinity (7.11; Fig. 2f ) was recorded near the mainland in the rainy season, and the highest salinity (32.31; Fig. 2e ) was observed in the northwest part of Kadan Island at the end of the dry season. A salinity decrease in the rainy season was very notable; it was as low as 24.80 even when the salinity was high.
Results
Distributions of physical parameters
The diffuse attenuation coefficient values of the water column are shown in Fig. 2g-i . At the onset of the
dry season (December 2014; Fig. 2g) , the values were 1.03 ± 0.43 m −1 (average ± standard deviation) and 1.13 m −1 (median), representing intermediate values between the rainy season and the end of the dry season. The diffuse attenuation coefficients were lowest at the end of the dry season ( Fig. 2h) with the values of 0.57 ± 0.23 m −1 (average ± standard deviation) and 0.55 m −1 (median), nearly half the values of those in the onset of the dry season, indicating that the waters were more transparent compared to the other seasons. In the rainy season (Fig. 2i) , the values drastically increased to 2.30 ± 1.03 m −1 (average ± standard deviation) and 2.54 m −1 (median), which were more than double those at the onset of the dry season. Figure 3 shows the DIN-N (Fig. 3a-c) , PO 4 -P (Fig. 3d-f) , and SiO 2 -Si, (Fig. 3g-i) concentrations at the onset of the dry season (the left column), at the end of the dry season (the middle column), and in the rainy season (the left column). In general, nutrient concentrations were higher in the rainy season and at the onset of the dry season (December) than at the end of the dry season. In the December survey (onset of the dry season), as shown in Fig. 2d , the entire surveyed area appeared to be covered by river water, which probably resulted in nutrient-rich inputs to all of the stations, especially in terms of the DIN-N (Fig. 3a) and PO 4 -P (Fig. 3d) concentrations. These nutrient levels ranged from 1.30 to 20.1 µmol L −1 (average ± standard deviation = 8.61 ± 5.80; median = 6.19) for DIN-N and from 0.19 to 0.86 µmol L −1 (average ± standard deviation = 0.46 ± 0.18; median = 0.45) for PO 4 -P. The end of the dry season was rather oligotrophic, and the nutrient levels ranged from 0.21 to 10.2 µmol L −1 (average ± standard deviation = 3.13 ± 3.00; median = 1.72) for DIN-N (Fig. 3b ) and from below the detectable level to 0.59 µmol L −1 (average ± standard deviation = 0.22 ± 0.20; median = 0.11) for PO 4 -P (Fig. 3e) . Decreased river flow in this season led to the reduced nutrient levels, especially at the stations near the river (e.g., R2 and R3). Although we could not visit all of the stations because of rough seas in the rainy season, the nutrient input from river water appeared to be conspicuous in the rainy season, and the highest nutrient concentrations were recorded. They ranged from 4.11 to 19.2 µmol L −1 (average ± standard deviation = 9.69 ± 4.65; median = 7.89) for DIN-N (Fig. 3c) and from 0.13 to 0.93 µmol L −1 (average ± standard deviation = 0.51 ± 0.23; median = 0.44) for PO 4 -P (Fig. 3f) . In particular, the silicate concentrations (Fig. 3i) were notably higher, ranging from 31.6 to 102 µmol L −1 (average ± standard deviation = 64.6 ± 24.0; median = 59.3).
Inorganic nutrient concentrations
Phytoplankton biomass, photosynthetic parameters, and primary productivity
Figures 4a-c show chlorophyll a concentrations by depth. In general, the chlorophyll a concentrations were higher at the end of the dry season than in the other two seasons. The concentrations ranged from 0.53 to 13.9 µg L −1 (average ± standard deviation = 3.14 ± 2.64; median = 2.46) at the end of the dry season, while the values at the onset of the dry season ranged from 0.68 to 5.29 µg L −1 (average ± standard deviation = 2.14 ± 1.25; median = 1.77). These high chlorophyll a concentration values at the end of dry season received contributions from high chlorophyll a concentrations at lower depths, especially near 6 m, with an average ± standard deviation of 4.95 ± 4.19. Throughout the seasons, the stations facing the rivers (R series stations) exhibited higher chlorophyll a concentrations, especially for R3, which faced the mouth of the Tanintharyi River, and had consistently high chlorophyll a concentrations. However, in one exception, a high chlorophyll a concentration was found at O3 at the end of the dry season.
Figure 4d-i show rETR max and α values, respectively. The values of rETR max were high at the onset of the dry season (461.70 ± 68.58, average ± standard deviation) and in the rainy season (426.07 ± 20.81, average ± standard deviation), and they were significantly higher than those at the end of the dry season (354.05 ± 103.72, average ± standard deviation) (P < 0.05). At the end of the dry season (Fig. 4e) , the rETR max values of 1 m depth (301.74 ± 115.65, average ± standard deviation) were almost 78% of the lower depths (387.06 ± 85.58 at 3 m, 389.26 ± 80.50 at 6 m), similar to the trend in chlorophyll a concentration at this season. The α values at the end of the dry season ( Fig. 4h ; 0.47 ± 0.11, average ± standard deviation) were also lower than those at the onset of the dry season ( Fig. 4g ; 0.53 ± 0.07) and the rainy season ( Fig. 4i ; 0.53 ± 0.07).
The primary productivity values of the water column (Fig. 5a-c) exhibited a trend similar to that of the chlorophyll a concentrations; the primary productivity of this coastal area was highest at the end of the dry season and lowest in the rainy season. At the onset of the March 29-30, 2015) , and the rainy season (right column; September 17, 2015) monitored by a data logger immersed in water pumped from the ship's bottom (depth of ca. 0.5 m). The diffuse attenuation coefficient (g-i) of the water column at the stations was determined by vertical measurement of the photosynthetically active radiation (PAR) by a cosine light sensor. Note that in the rainy season, only stations R1, R2, R3, C3, and C4 were used ◂ dry season (Fig. 5a) , primary productivity ranged from 0.60 to 3.43 g C m −2 day −1 (average ± standard deviation = 1.36 ± 0.77; median = 1.36), and the stations near the main land (R series stations) generally had higher productivity rates. However, R3, which faced toward the Tanintharyi River, was an exception among the R series stations; its productivity (1.92 g C m −2 day −1
, Fig. 5a ) was lower than that expected from the high chlorophyll a biomass, which was due to the low euphotic layer depth (3 m; Fig. 5g ) at this station. Higher primary productivity was exhibited at the end of the dry season (Fig. 5b) , ranging from 0.58 to 6.48 g C m −2 day −1 (average ± standard deviation = 2.59 ± 1.56; median = 2.26), nearly double that at the onset of the dry season (Fig. 5a ). This finding was attributed to the deeper euphotic layer depth (Fig. 5h) at the end of the dry season (average ± standard deviation = 8.27 ± 3.55 m; median = 7.49), which was nearly twofold deeper than that of the onset of the dry season (average ± standard = 4.40 ± 1.96 m). The following rainy season was the least productive of all of the seasons with productivity of 0.08 to 0.35 g C m −2 day −1 (average ± standard deviation = 0.17 ± 0.11; median = 0.15), which is equivalent to approximately 6.6% of that at the end of the dry season and 12.5% of the onset of the dry season. This observation was apparently due to a massive inflow of river water, which resulted in a higher diffuse attenuation coefficient (Fig. 2i ) and the shallowest euphotic layer (average ± standard deviation = 2.40 ± 1.45; median = 1.45; Fig. 5i ) among all of the sites.
Although the overall primary productivity in the water columns was high at the end of the dry season, chlorophyll a-specific primary productivities (Fig. 5d-f ) were higher at the onset of the dry season (Fig. 5d) ; those were 96.41 ± 37.11 mg C mg chl. a −1 day −1 (average ± standard deviation, median = 86.18) while those at the end of the dry season (Fig. 5e) were 53.12 ± 20.05 mg C mg chl. a −1 day −1
(average ± standard deviation, median = 49.62).
Phytoplankton occurrence
The phytoplankton communities (Supplementary Tables 1,  2 , and 3) were mostly populated with diverse diatom species and a few dinoflagellate species. The numbers of species recorded in each season were as follows: 49 species of diatoms and 7 species of dinoflagellates in the December survey (onset of the dry season), 42 species of diatoms and 9 species of dinoflagellates in the March survey (end of the dry season), and 34 species of diatoms and 7 species of dinoflagellates in the September survey (the rainy season). As shown by the chlorophyll a (Fig. 4a-c ) and primary productivity (Fig. 5a-c) data, the end of the dry season should be suitable for phytoplankton growth. The highest density of a diatom species Bellerochea horologicalis (146,500 cells L −1 ) was recorded at O4 and at O3 (near O4), where the highest chlorophyll a concentration and highest primary productivity were recorded, B. horologicalis (41,720 cells L −1 ) was dominant together with the diatom Thalassionema nitzschioides (7640 cells L −1 ). These two species comprised the main components of the production at this site. The diatoms Chaetoceros curvisetus and Pleurosigma normanii had the second and third highest densities after B. horologicalis, and their maximum densities were 72,000 (C. curvisetus) at C4 and 52,900 cells L −1 (P. normanii) at R3. These three diatom species were regarded as the main producers at the end of the dry season. The diatom Melosira moniliformis was also abundant, occurring at 24,800 cells L −1 at R3, but it was limited to the station near the mainland. Blooming of a dinoflagellate species Prorocentrum micans was also notable in this season; it occurred at a density of 14,400 cells L −1 at C4. Cluster analysis of the end of the dry season showed two distinct station groups with greater than 72.85% similarity; the first group included stations C3, R4, C5, C2, and O4 and the second group was composed of stations O1, O3, R1, R3, and C4 (Fig. 6) . The most notable differences between these groups were the densities of the second and third densest diatoms (C. curvisetus and P. normanii). The average abundances of C. curvisetus and P. normanii within the stations in the second group were 12,044 and 5641 cells L −1 , respectively, while those of the first group were 216 and 52 cells L −1 , respectively. Although the diatom diversity was highest, the onset of the dry season (December) exhibited lower phytoplankton densities than the end of the dry season. The dominant diatom species at the end of the dry season (B. horologicalis) did not occur at a high density at the onset of the dry season. Instead, the diatom Bacillaria paxillifera was densest, and its maximum was 9380 cells L −1 at O1. Similar to the end of the dry season, M. moniliformis was rather abundant and ranked third after B. paxillifera, and its maximum density of 7360 cells L −1 was recorded at R3, where the maximum chlorophyll a concentration was also recorded. At R3, the dinoflagellate P. micans was also abundant, as occurred at the end of the dry season, with a density of 5040 cells L ) but it occurred at every station and was the second major diatom during this season after B. paxillifera. Cluster analysis (Fig. 7) revealed Fig. 3 Dissolved inorganic nutrient concentrations at the onset of the dry season, the end of the dry season, and the rainy season. Vertical profiles of dissolved inorganic nitrogen (nitrate, nitrite, and ammonium nitrogen) (a-c), PO 4 -P (d-f), and SiO 2 -Si (g-i) concentrations at the onset of the dry season (left column; December 10-11, 2014), the end of the dry season (middle column; March 29-30, 2015) , and the rainy season (right column; September 17, 2015). Note that only stations R1, R2, R3, C3, and C4 were used in the rainy season ◂ there were two distinct clusters, with greater than 69.03% similarity; the first group was composed of C3, C5, and O1 and the second included R3, C4, C1, and C2. Similar to the end of the dry season, these groups were separated by different abundances of the aforementioned dominant species. The averaged cell densities of O. sinensis, P. micans, and M. moniliformis in the first group were as low as 268, 15, and 2 cells L −1
, respectively, and as high as 1596, 455, and 726 cells L −1 in the second group. During the rainy season, similar to the onset of the dry season, B. paxillifera was the most abundant species but the overall phytoplankton densities were substantially lower than in the other seasons. The highest density of B. paxillifera was 1080 cells L −1 at R1. Thalassionema nitzschioides was again ranked third among the diatoms, even in the rainy season (maximum density of 1560 cells L −1 at C3). In contrast, the large-celled diatom Coscinodiscus radiatus, which was the second densest species next to B. paxillifera, only occurred in the rainy season. Another Coscinodiscus, C. wailesii, appeared at all of the stations, and these two Coscinodiscus species contributed to some extent to the high chlorophyll a concentrations at R3 and C4 (Fig. 4c) .
Dissolved organic carbon (DOC) and bacterial density
As mentioned above, the primary production was highest at the end of the dry season, lower at the onset of the dry season, and lowest in the rainy season. However, at the onset of the dry season, an alternative food chain supported by microbial production was assumed to compensate for the reduction in the primary production, as indicated by the high dissolved organic carbon (DOC) concentrations and the resulting highly abundant bacterial populations (Fig. 8d) . At the onset of the dry season (Fig. 8a) , the DOC concentrations were high at all of the stations and ranged from 3.03 to 17.8 mg C L −1 (average ± standard deviation = 7.48 ± 4.22; median = 4.93), while those at the end of the dry season ranged from 1.82 to 4.31 mg C L −1 (average ± standard deviation = 2.34 ± 0.50; median = 2.21) and in the rainy season ranged from 3.73 to 4.44 mg C L −1 (average ± standard deviation = 4.17 ± 0.23; median = 4.26). Because the DOC levels were obviously linked to the bacterial populations in the water column (Fig. 9) , conspicuous levels of DOC at the onset of the dry season (Fig. 8a ) resulted in abundant bacterial populations (Fig. 8d) . The densities ranged from 1.02 to 20.5 × 10 6 cells mL −1 (average ± standard deviation = 11.3 ± 5.80 × 10 6 ; median = 13.28 × 10 6 ), and the average density was nearly 28 to 51 times higher than that at the end of the dry season (average ± standard deviation = 3.27 ± 3.85 × 10 5 ; median = 2.03 × 10 5 ) or the rainy season (average ± standard deviation = 2.20 ± 2.10 × 10 5 ; median = 1.26 × 10 5 ).
Discussion
Climate and rainfall along the southern coast of Myanmar
Because Myanmar has a tropical monsoon climate, the coastal areas are influenced by two strong monsoon regimes: the southwest monsoon (summer monsoon) and the northwest monsoon (winter monsoon). During the southwest monsoon season (May-October), the southwesterly wind from the Indian Ocean to the mainland prevails, which brings moisture-laden air and heavy rain. During the northeast monsoon season (November-April), i.e., the dry season, the northeasterly trade wind prevails from the continental side to the coastal area. The southwest monsoon reaches the southern parts of Myanmar where Myeik City is located, by the third week of May (Roy and Kaur. 2000) , and the annual precipitation (annual average from 1981 to 2010) in this region (represented by the meteorological data at Victoria Point, the southernmost part of Myanmar) is as high as 3300 mm year −1 with 94% of this precipitation occurring during the rainy season of the southwest monsoon (Japan Meteorological Agency 2016). Moreover, the monthly average precipitation for September in the Tanintharyi Region, where Myeik City is located, is 690 mm month −1 (an average from 1947 to 1979), which is the highest value over all Myanmar (Roy and Kaur 2000) (note that the Tanintharyi Region is referred to by its old name as "Tena-see-rim" in this report).
During our rainy season survey (September 2015), precipitation appeared to be extraordinarily high at 1113 mm month −1 (Japan Meteorological Agency 2016). Under such high precipitation, the lowest surface salinity value in our study, 7.11, the highest, 24.80 were observed near the mainland, indicating that all of the coastal water was affected to a great extent by river runoff in the rainy season. The effect of the river runoff decreased after November owing to a significant drop in precipitation at the onset of the dry season, and consequently, the surface salinity increased and reached its highest value of 32.31 at the end of the dry season. Nevertheless, this salinity level, ca. 32, was lower than the level in the offshore region of the Andaman Sea, which was recorded to be as high as 35‰ (Rangarajan and Marichamy 1972) , indicating that this area was largely influenced by river runoff throughout the year and by a prolonged rainy season for nearly half of a year. Platt et al. (1980) . For details regarding the method, see Sect. 2
Seasonality in primary production
This study has clarified the mechanisms driving ocean productivity around Myeik City, where the highest catches in marine capture fisheries occur in Myanmar. According to our estimates, the primary productivity was highest in the dry season, 2.59 ± 1.56 g C m −2 day −1 (average ± standard deviation), while the productivities at the onset of the dry season and the rainy season were 1.36 ± 0.77 and 0.17 ± 0.11 g C m −2 day −1
, respectively. Because our method of employing ETR measurements in a PAM fluorometer monitors the flow of electrons from PSII (P680) to the electron acceptors (Goto et al. 2008) , ETR-based estimation of primary productivity is not always consistent with the traditional methods, e.g., bottle incubation with 13 C or 14 C (Gilbert et al. 2000; Hancke et al. 2014) , and usually results in a higher value. This higher value also results because ETRbased measurements indicate gross photosynthesis, whereas classic bottle incubation methodologies are indices of net photosynthesis minus leakage of photosynthates. Although our calculation of the annual production in this region was rough and likely an overestimate, based on the assumption that the onset of the dry season lasted for 3 months, the dry season for 3 months, and the rainy season for 6 months, the estimated annual primary productivity was 386.1 g C m −2 year −1 , which is 1.53 times higher than the mean phytoplankton primary production value (252 g C m −2 year −1
) for the world's estuarine-coastal ecosystems (Cloern et al. 2013 ). However, as noted repeatedly, our assumption was probably overes- ; average ± standard deviation) are absolutely higher than the oligotrophic reference values of Karydis (2009) .
The most notable feature of the ocean production in this region was the well-defined seasonality, which has not previously been recognized as a typical model of phytoplankton production in a tropical ocean system (e.g., Sournia 1969) . In other literature, the seasonality of phytoplankton production in neritic coastal areas has been demonstrated to lack seasonality; e.g., in the inshore area of the western side of Bay of Bengal, productivity is 350 ± 225 mg C m −2 day −1 in summer, 252 ± 210 mg C m −2 day −1 in winter, and 308 ± 120 mg C m −2 day −1 in the spring inter-monsoon periods, values that are relatively similar among the seasons (Madhu et al. 2006) .
To understand which seasonal and environmental parameters can influence these coastal productivities, a principal component analysis (PCA) was performed according to the method of Wu and Wang (2007) , and Fig. 10 shows a biplot of sampling stations scores (three seasons) and environmental factors loadings. The sampling station scores in the rainy season (orange squares) showed one cluster with positive values in PC1, while those at the end of the dry season (blue) had negative values. PC1 (43.58% of the variance) was assumed to be the influence of river water due to the positive association with nutrients loads and the high diffuse attenuation coefficient, which are stimulated by river inflows, while PC1 was strongly negatively related to increased salinity. The primary productivity (Pn) had a negative value in PC1 together with salinity and the depth of the euphotic layer, indicating that river inflows deterred the production, and the increase in the depth of euphotic layer, probably due to approach of oceanic water as well as decrease of the river water inflows, was the main factor promoting primary productivity at the end of the dry season.
In this context, the onset of the dry season is not favorable to production. In this season, the ratio of the nutrient concentration at the surface (1 m) to those at the other depths (3 m and 6 m) was higher (24.6-65.3%) than the results obtained at the end of the dry season (e.g., Fig. 3b ; 10.0-49.2%), indicating that nutrients were still provided from river inflows, and therefore primary productivity per unit chlorophyll was highest (Fig. 5d) . This high activity in the phytoplankton communities in this season was well depicted as the highest rETR max values throughout the year (Fig. 4d) . Regardless of such high activity, light limitation in this season occurred, as shown in the higher α value which is known to increase when the light is limited (Behrenfled et al. 2004; Falkowski and Raven 1997) . Therefore the productivity in the water column of this season was lower than the end of the dry season, due to the turbid water that continued from the rainy season. The connectivity of both seasons is also shown in the PCA graph (Fig. 10) . On the contrary, while the end of the dry season Fig. 5 Primary productivity, chlorophyll a-specific primary productivity, and euphotic layer depth at the onset of the dry season and the end of the dry season and the rainy season. Estimated daily primary productivity (grams of carbon assimilation) of the water column (a-c) and chlorophyll a-specific primary productivity (d-f) based on the mean electron transportation rate (ETR) measured using a pulse amplitude modulation (PAM) fluorometer. These productivity values in the water column are the sum of the values at every 0.5-m depth interval from the surface until the depth at which net production = 0 (euphotic layer depth) (g-i). For details regarding the method, see Sect. 2 ◂ was not necessarily suitable for phytoplankton activity, as shown in the lowest rETR max (Fig. 4e) , sufficient light penetration into the water column could drive the highest primary production (Fig. 5b) , and this was also supported by the occurrence of lower α values at the surface (1 m depth).
Phytoplankton species occurrence
During our surveys, the phytoplankton communities were mostly populated by diverse diatom species, especially chain-forming species, indicating that the areas appear to possess stable grounding of the food chains and primary productivity. The diversity of diatom species was highest (49 species) at the onset of the dry season, which was consistent with the previous finding by Su-Myat et al. (2012) . In contrast, only eight species of dinoflagellates were recorded at the end of the dry season, which was recognized as the most suitable season for dinoflagellate blooms by Su-Myat et al. (2012) . This result further indicated that diatoms were the main components of the phytoplankton communities, and that the contribution of dinoflagellates was insignificant. Diatoms are conventionally considered to be euryhaline and eurythermal phytoplankton species, which rapidly grow under eutrophic conditions (Huang et al. 2004 ). However, dinoflagellates mostly prefer oligotrophic waters and thus fail to survive in eutrophic waters because of competition with diatoms (Menzel et al. 1963; Cushing 1989) .
In our survey, the end of the dry season was recognized as being the most productive period for phytoplankton, during which the phytoplankton population was mostly dominated by the chain-forming diatom Bellerochea horologicalis. This species has been reported to be associated with highly turbid water and eutrophic coastal water (Yahia-Kéfi et al. 2005) and it is also known to exhibit a clear seasonal pattern with dominance during summer in the Bay of Tunis (Yahia-Kéfi et al. 2005) , a trend that is similar to our case. While B. horologicalis occurred throughout almost the entire study area, occurrences of the second and third densest diatoms (Chaetoceros curvisetus and Pleurosigma normanii, respectively) were significantly higher in the station Fig. 6 Dendrogram produced by the clustering of the 13 stations sampled at the end of the dry season, based on the phytoplankton abundances. Average cell densities at all depths were calculated for each species and the station, and clustering was performed for each station using PRIMER-6 Fig. 7 Dendrogram produced by the clustering of the 11 stations sampled at the onset of the dry season, based on the phytoplankton abundances cluster consisting of O1, O3, R1, R3, and C4 (Fig. 6) . These stations were strongly negatively correlated with PC1 (the river inflow effect) in the PCA graph (Fig. 10) , while another station cluster (C3, R4, C5, C2, and O4 in Fig. 6 ) with low densities of these two species was weakly correlated with PC1. This again indicated that river inflows, more specifically turbid water inflow, negatively affected the occurrences of these diatom and the highest density of C. curvisetus (32,420 cells L −1 ) at the outer station O1 may support this idea. We should note that P. normanii is basically epibenthic (Hoppenrath et al. 2009 ) and likely originated from the benthic communities. Hence, benthic diatoms may play an important role even for the primary production of the water column. Another benthic diatom Bacillaria paxillifera exhibited a similar pattern. In both the onset of the dry season and the rainy season, this species was densest and became a dominant species. According to the literature (Jahn and Schmid 2007) , the genus Bacillaria prefers a brackish habitat with greatly fluctuating salinity, and which would explain why this species was abundantly detected in both seasons, when large fluctuations in salinity were observed. Thus, B. paxillifera is an indicator species of the environments that are largely affected by river runoff in this area. Relatively abundant occurrences of M. moniliformis at the onset of the dry season, especially at the station facing the river mouth, again indicated that this species originated from epibenthic communities due to river turbulence.
The large diatom species Coscinodiscus radiatus was the second most abundant species in the rainy season. This species was unique to and indicative of this season. This species showed its peak photosynthesis rate under a low salinity range of 10-20‰ (Qasim et al. 1972a) , and light intensity (I k ) yielding photosynthetic saturation was observed to be lowest among 11 species isolated from tropical water around India (Qasim et al. 1972b) . Although a different species, the seasonality and nutrient requirements of a similarly large-celled Coscinodiscus, C. wailesii, were thoroughly studied by Nishikawa and Hori (2004) . They reported that this species requires high concentrations of inorganic nutrients, especially silicate, and is dominant during the winter time in the Seto Inland Sea, Japan. On the basis of these findings, together with our observations, Coscinodiscus, or more specifically C. radiatus, is indicative of low-salinity, nutrient-rich, and low-light conditions, which are certainly the representative environmental conditions of the rainy season.
Throughout the three seasons, a ubiquitous occurrence of the diatom Thalassionema nitzschioides was found. This species is neritic, cosmopolitan, and occurs during all seasons (Hoppenrath et al. 2009 ) and it is also known to dominate mangrove creeks in Mumbai, India (Kulkarni et al. 2010 ) and is thus regarded as being stress tolerant. This characteristic of this species and its dominance in the mangrove channels at our site may explain its common occurrence at all stations during all seasons in this region. Furthermore, this result may emphasize the importance of mangrove creeks to coastal productivity overall.
Although dinoflagellate diversity was far lower than that of diatoms, it is notable that the dinoflagellate species Prorocentrum micans occurred at its highest density of 14,400 cells L −1 in a mangrove channel at the end of the dry season. This species is known to cause red coloration in oysters and oxygen depletion due to its massive blooms, and thus it is considered to be harmful (Pastoureaud et al. 2003; Lee et al. 2005 ), although such negative events have not been noted in fishery communities around the area. Finding its highest density within mangrove channels is interesting; Su-Myat and Koike (2013) reported a red tide consisting mainly of Prorocentrum shikokuense and P. rhathymum that outflowed from mangrove channels, in the same area. Mangrove-associated environments may have the potential to also support Prorocentrum.
Negative effect of river runoff on coastal production
Through the above discussions focusing on seasonal oceanographic features and the occurrences of phytoplankton species associated with euhaline and eutrophic environments, the mechanisms underlying phytoplankton production in this area are becoming clear. The ocean system of this region is mainly based on the long rainy season that delivers heavy precipitation and extensive river runoff, and the coastal diatom communities are adapted, in turn, to low salinity and high nutrients concentrations. As a trade-off, the coasts are largely affected by turbid waters derived from rivers, which decrease light penetration into the water column and thus reduce primary production. The diffuse attenuation coefficients (average ± standard deviation = 2.30 ± 1.03 m −1 ) in the rainy season were extremely high compared to the values recorded in the estuaries of other regions, e.g., 0.35-1.8 m −1 at Shannon Estuary, Ireland (McMahon et al. 1992) ; 0.3-1.1 m −1 at several New Zealand estuaries (Vant 1990 indicates that the light penetrating into the water column in this season was attenuated to less than 10% of its intensity when it passed through to a depth of 1 m. It is well known that in many coastal areas, light attenuation by suspended sediments confines the photic zone, and the resulting light limitation is a major controlling factor for phytoplankton production and turnover rate (Cloern 1987) . This confinement was apparent in our study, especially at the onset of the dry and the rainy seasons, which resulted in a 47.5 and 93.4% reduction in primary productivity values of the end of the dry season, with diffuse attenuation coefficients declining to 1.03 ± 0.43 m −1 (the onset of the dry season) and 2.30 ± 1.03 m −1 (the rainy season) from 0.57 ± 0.23 m −1
(the end of the dry season). Although we must account for the influence of the southwest monsoon climate, which provides atypically heavy precipitation to Myanmar, it is now recognized that humans have simultaneously increased sediment transport to coastal areas via many of the world's rivers through soil erosion, which is estimated to be 2.3 ± 0.6 billion metric tons per year (Syvitski et al. 2005 ), so this is a possible factor for consideration in the study area. Asia is the largest producer of fluvial sediment, and tropical areas are the regions that are generally most influenced by increased sediment loads (Syvitski et al. 2005) . In particular, Indonesia is notable for such events because of its extensive deforestation (Hu et al. 2001 ). The Tanintharyi River, which contributes most of the turbid water inflow to our study area, extends nearly 300 km from its origin in the Tanintharyi Range (Tenasserim Range), and its river delta stretches across more than 32 km of coastline with numerous outlet channels at Myeik. We could not obtain reliable land usage data along the Tanintharyi River Basin; however, within the Tanintharyi Region, problems of deforestation caused by industrial plantation projects of oil palms and rubber trees have been reported (Zöckler et al. 2013) . Moreover, Myanmar has been reported to have the third highest annual deforestation rate in the world (Food and Agriculture Organization of the United Nations 2015b). Deforestation of mangrove trees along riverbanks in Myanmar, including the Tanintharyi River, seems to be serious and is considered to lead to problems of soil erosion. A Myanmar newspaper (Myanmar Times) reported that such deforestation is mainly due to villagers who cut the trees for fuel wood (Lwin 2009 ). However, further evidence of soil erosion caused by human activities is needed but this is still very difficult because of the limitation on reliable surveys in Myanmar.
Possible supplemental food chain to compensate low primary production
At the onset of the dry season, the DOC concentrations were high at all of the stations and probably resulted in abundant bacterial populations. The average bacterial density of 1.1 × 10 7 cells mL −1 was apparently higher than the consensus density (approximately 10 6 cells mL −1 ) for eutrophic neritic coasts (Sorokin 2006) . If the average carbon content of coastal bacterial assemblages is assumed to be 30.2 fg C cell −1 (Fukuda et al. 1998) , the average bacterial biomass during this season would be 332.2 µg C L −1 , which is almost three times higher than the phytoplankton biomass (based on an averaged chlorophyll a weight of 2.14 µg C L −1
, and assuming a carbon-to-chlorophyll a ratio of 50). Although we failed to enumerate the bacterial feeders, e.g., the heterotrophic nanoflagellates, as a result of inadequate fixation by glutaraldehyde, such high bacterial biomass is not negligible and is considered to contribute to activation of the microbial food chain or microbial loop (Azam et al. 1983) , which would compensate to some extent for the reduced primary production at the onset of the dry season.
Because this DOC-derived bacterial production was not linked to the phytoplankton abundance in this area, as observed in several studies (e.g., Cole et al. 1988) , the source of such high DOC levels is of interest. We assumed that they did not originate directly from the river flow because the levels were not high in the rainy season. Rather, we concluded that they were derived from mangrove sediments on the basis of previous studies that reported the amounts of DOC released from mangrove tidal creeks (Nixon et al. 1984; Ayukai et al. 1998; Dittmar and Lara 2001) . The reason for the occurrence of elevated DOC levels only at the onset of the dry season was unclear, although it is plausible to think that the organic sediments accumulating during the massive inflow in the rainy season might be the source of the DOC (Ribas-Ribas et al. 2011) . Indeed, in our PCA graph (Fig. 10) , DOC positively correlated with PC1, which is assumed to be the influence of river water, but it was also opposite to SiO 2 -Si and the diffuse attenuation coefficient in PC2. These results indicate that DOC was stimulated by river inflows (PC1), but to a different extent than SiO 2 -Si and the diffuse attenuation coefficient, which are directly increased by river inflow. Instead, DOC was indirectly supplied by the rivers probably via mangrove sediments.
Conclusion
In this research, we explored the seasonal primary productivity and controlling environmental factors near Myeik City for the first time in the Myanmar coastal areas. The main primary producers were the chainforming diatoms associated with euhaline and eutrophic natures. Their production was primarily driven by the characteristic monsoon climates and showed well-defined seasonality; the end of the dry season was the most productive period, while the onset of the dry season and the rainy season experienced significantly lower productivities, 52.5% and 6.6% of that at the end of the dry season, respectively. These drops in the productivities for more than half of a year led to unexpected low annual primary productivity (129.6 g C m −2 year −1 ). The long rainy season that delivered heavy precipitation and extensive river runoff brought terrestrial nutrients to the coast, but as a trade-off, the coasts were largely affected by turbid waters, which decreased light penetration into the water column and thus reduced primary production. Indeed, the diffuse attenuation coefficients (average = 2.30 m −1 ) in the rainy season were extremely high compared to the values in other estuaries. This highly turbid water probably originated from soil erosion due to deforestations by industrial plantation projects of oil palms and rubber trees along the Tanintharyi River Basin. In particular, deforestation of mangrove trees along the riverbanks and the estuaries seemed to be serious and was considered to lead to problems of soil erosion, because mangrove forests could preserve fluvial sediments as buffer areas for ocean-land interaction. Together with our finding suggesting that DOC derived from the mangrove sediment might enhance microbial food chain and supplement the primary production, conservation of mangrove forests is needed to sustain the coastal productivity.
